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The protonated mercapturic acid conjugate of acrolein, S-(3-oxopropyl)-N-acetyl-L-cysteine 
(I), undergoes facile retro-Michael loss of acrolein in the gas phase. To determine whether 
extensive loss of acrolein would impede structural characterization of acrolein-peptide 
adducts, fragmentation reactions of a series of conjugates, formed by I,$-Michael addition of 
acrolein to peptides and cysteine derivatives, were investigated at collision cell potentials up 
to -50 V using a triple quadrupole mass spectrometer. Differences in fragmentation dynamics 
suggest protonation at the sulfur of the N-acetylcysteine conjugate I facilitates retro-Michael 
elimination of acrolein with a low activation energy relative to other fragmentations. 
Analogous fragmentation was eliminated after borohydride reduction of the aldehyde to an 
alcohol. Retro-Michael fragmentation was not significant for acrolein conjugates of glutathione 
derivatives, suggesting that proton sequestration occurs in peptides with multiple amide 
linkages even when the peptide does not contain a basic amino group. An unexpected outcome 
of these experiments was the observation of a facile gas-phase cleavage of peptides on the 
N-terminal side of S-(3-oxopropyl)cysteine residues. Such fragmentation behavior may prove 
useful for locating cysteine residues in peptides. (J Am Sot Mass Spectrom 1997, 8, 
727-736) 0 1997 American Society for Mass Spectrometry 
C 
ovalent modification of proteins and DNA by 
reactive electrophiles such as xenobiotic metab- 
olites can lead to cancer or cell death [l]. Protein 
sulfhydryl groups are especially vulnerable to electro- 
philic attack and form thioether conjugates whose pres- 
ence indicates mechanisms of metabolic activation or 
detoxification. Knowledge of protein targets and sites of 
covalent attachment can be used to identify reactive 
metabolites, and these modified proteins can serve as 
biomarkers of exposure to xenobiotics in clinical and 
epidemiological studies [l-8]. One important class of 
xenobiotic-protein adducts forms via 1,4-Michael addi- 
tion of a&unsaturated carbonyls to nucleophilic amino 
acid residues. Many q/3-unsaturated carbonyls includ- 
ing acrylic monomers, combustion by-products or me- 
tabolites such as acrolein [l], and endogenous com- 
pounds such as 4-hydroxynonenal react with protein 
nucleophilic side chains via Michael addition [9-111. 
Mass spectrometry has emerged as a powerful ana- 
lytical tool for the characterization of post-translation- 
ally modified peptides and proteins because this ap- 
proach can identify the modifying group and sites of 
modification [12]. Earlier studies demonstrated the util- 
ity of fast atom bombardment mass spectrometry 
(FAB/MS) for identification of specific thioether conju- 
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gates from biological samples [3, 4, 13-171. Using FAB 
or newer ionization techniques coupled with tandem 
mass spectrometry (MS/MS), researchers determined 
structures of thioether conjugates extracted from bio- 
logical matrices [3-B, 13-221. In these MS/MS experi- 
ments, structural information was obtained from colli- 
sion induced dissociation (CID). In fact, Murphy et al. 
[20] concluded that fragmentation patterns of thioether 
conjugates have much in common, but that universal 
recognition of class characteristic ions has been uncer- 
tain. 
More detailed information regarding activation en- 
ergies for specific fragmentation reactions can be ob- 
tained by generating energy resolved product ion spec- 
tra. Energy resolved product ion spectra are acquired 
by making incremental changes in collision cell poten- 
tial and determining the dependence of product ion 
abundances on the translational energy of precursor 
ions 123, 241. At the lowest collision energies, only 
fragmentation reactions with the lowest activation en- 
ergies are accessible. Incremental increases in collision 
energy provide access to reaction pathways leading to 
more and different product ions [23-281. Normalized 
product ion abundances can be plotted to show their 
dependence upon collision cell potential. These graphs 
are termed energy resolved dissociation curves, and 
they assist efforts to optimize CID experiments aimed at 
structure determination or specific detection. Subtle 
differences in fragmentation dynamics are easily stud- 
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1. R, = -CH2CH2CH0 
II. R. = -CH,CH,CH,OH 
III. Rx = -CH2CH2CH=NOH 
N. R. = -CH2CH2CH0 
V. R. = -CHICH,CH20H 
VI. Rx = -CH2CHICH=NOH 
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Figure 1. Structures of thioether conjugates used in this study. 
ied by using tandem quadrupole instruments where 
ion-molecule collisions are low energy processes [23-25, 
27-331. In such experiments, most fragmentation is 
charge directed as fragmentation barriers are lowered 
by a nearby positive charge. 
Electrospray and FAB ionization of peptides yield 
protonated molecules in which the proton can be coor- 
dinated by hydrogen bonding along several sites of the 
peptide backbone [29-351. Because thioether conjugates 
of N-acetylcysteine have fewer sites for proton coordi- 
nation, their fragmentation behavior can be different 
than larger peptide thioether conjugates. 
The principal aim of this study has been to determine 
relationships between structural features and fragmen- 
tation dynamics in protonated acrolein thioether conju- 
gates by using low energy CID tandem mass spectrom- 
etry experiments. This has been accomplished by 
generating energy resolved product ion spectra [23-281 
for a series of structurally related peptides that vary in 
size and in the number of basic functional groups. 
Acrolein thioether conjugates were chosen as model 
compounds for Michael-thioether conjugates. Acrolein 
is an important industrial chemical [l, 361, a metabolite 
of the cancer chemotherapeutic agent cyclophospha- 
mide, [36-381 and an unwanted side-product of com- 
bustion and cigarette smoke [38, 391. Compounds for 
this study are acrolein conjugates of N-acetyl-L-cys- 
teine, glutathione, and N-acetylglutathione. Derivatives 
of the aldehyde groups were prepared from these 
conjugates to assess whether common derivatization of 
the aldehyde group would alter fragmentation behav- 
ior. Structures of thioether conjugates used in this study 
are displayed in Figure 1. 
Experimental 
Materials 
Caution: Acrolein is a potent and toxic lackymator and 
should be handled in a fume hood to minimize exposure. 
Sodium borokydride is a toxic flammable solid and should be 
handled carefully. 
N-Acetylcysteine, glutathione, and oxidized gluta- 
thione (GSSG) were obtained from Sigma (St. Louis, 
MO). Acrolein, sodium borohydride (NaBH,), hydrox- 
ylamine hydrochloride, trifluoroacetic acid (TFA), and 
Sephadex QAE-A-50, were obtained from Aldrich (Mil- 
waukee, WI). Acetic anhydride, acetonitrile, and dithio- 
threitol were from Fisher (Pittsburgh, PA). Bond-Elut 
CBA solid phase extraction cartridges were from Ana- 
lytichem (Varian, Harbor City, CA). All water used in 
the following procedures was obtained from a Barn- 
stead/Thermolyne (Dubuque, IA) Nanopure water fil- 
tration system. 
Synthesis 
Syntheses of conjugates were conducted by adding 
acrolein to solutions of various thiols, flushing the 
headspace of the reaction vials to remove oxygen, and 
keeping reaction vials wrapped in aluminum foil to 
prevent photochemical degradation. Reaction progress 
was monitored by using free zone capillary electro- 
phoresis (CE) with spectrophotometric detection at 214 
nm. When reactions were complete, products were 
placed under a stream of nitrogen to remove unreacted 
acrolein and acetonitrile, and the remaining moisture 
was removed by lyophilization. Synthetic thioether 
conjugates in this study were stored under nitrogen at 
-30 “C. 
IV-Acetylcysteine Conjugates. S-(3-Oxopropyl)-N-acetyl- 
L-cysteine (Compound I) was synthesized by dissolv- 
ing 20 mg of N-acetylcysteine (0.12 mmoles) in one mL 
of a 1:l (v:v) acetonitrile:water solution. 20 WL of 
acrolein (0.30 mmol) was added by micropipette. ‘H 
NMR results are in agreement with spectra published 
earlier [37, 401 (in d,-acetonitrile): 1.93 ppm (s, acetyl 
Me, 3 H), 2.67 (tt, -S-CH,-CII,-CH = 0, C-2,2 H), 2.77 
(dt, -SClICH,-CH = 0, C-l, 2 H), 2.95 (dq, Cys-/3,2 
H), 4.55 (dt, Cys-cu, 1 H), 6.89 (d, amide, 1 H), 9.65 (t, 
-S-CH,-CH,-CH = 0, 1 H). ES1 MS results: m /z 220 
[M + H]+. 
Conversion of 5.2 mg of I (0.024 mmol) to S-(3- 
hydroxypropyl)-N-acetyl-L-cysteine (Compound II) was 
accomplished by dissolving I in 2 mL 95% ethanol/ 
water followed by addition of 1 mg NaBH,. The mix- 
ture was sonicated for 20 minutes in an ultrasound 
bath. An additional 1 mg of NaBH, was added and the 
mixture sonicated for an additional 10 min. Unreacted 
NaBH, was quenched by dropwise addition of 0.1 N 
HCl (until gas evolution stopped, pH 4.0). Purification 
of II was performed by using a Sephadex QAE-A-50 
J Am Sot Mass Spectrom 1997, 8, 727-736 FRAGMENTATION OF PROTONATED ACROLEIN THIOETHER CONJUGATES 729 
anion exchange column. The column was pretreated 
with successive washes with absolute ethanol and wa- 
ter. The quenched reaction product was loaded on the 
anion exchange column and the column was washed 
with water to elute residual sodium ion. Compound II 
was eluted from the column with 0.1% trifluoroacetic 
acid in water. This eluted fraction was then lyophilized. 
The ‘H NMR spectrum agreed with a published spec- 
trum [37] and showed no detectable starting material. 
NMR spectrum (in D,O): 1.91 ppm (s, acetyl Me, 3 H), 
1.82 (m, -S-CH,-CI&-CH,-OH, C-2, 2 H), 2.65 (t, 
-‘SC&-CH,-OH, C-l, 2 H), 29.95 (d of q, Cys-/3,2 H), 
3.67 (t, -S-C&-CH,-CII,-OH, C-3, 2 H), 4.36 (d of d, 
Cys-cu, 1 H). ES1 MS results: m/z 222 [M + HI+. 
TosynthesizeS-(3-N-hydroxyiminopropyl)-N-acetyl- 
L-cysteine (Compound III, a mixture of two geometric 
isomers), 4.9 mg of Compound I (0.022 mmoles) was 
dissolved in 1.0 mL of 0.2 M ammonium carbonate (pH 
8). 15 mg of solid hydroxylamine hydrochloride (0.22 
mmoles) was added to the above solution and mixed by 
using a vortex mixer. ‘H NMR (in D,O): 2.05 ppm (s, 
acetyl Me, 3 H), 2.51 (q, -S-CH,-CH,XH = NOH 
(trans), C-2, 2 H), 2.68 (t, -S-CH,-CH,-CH = NOH 
(cis), C-2,2 H), 2.77 (m, -S-C&-CH,-CH = NOH, C-l, 
2 H), 3.0 (m, Cys-p, 2 H), 4.4 (t of d, Cys-cy, 1 H), 6.91 (t, 
-S-CH,-CH,CIJ = NOH(cis), C-3, lH), 7.51 (t, 
-S-CH,-CH,-CI-J = NOH(trans), C-3, 1 H). ES1 MS 
results: m/z 235 [M + HI+. 
Glutathione Conjugates. To synthesize S-(3-oxopropyl)- 
glutathione (Compound IV), 10 FL of acrolein in ace- 
tonitrile solution (0.69 M) was added to 1 mL aqueous 
solution containing 20 mg (0.065 mmol) of glutathione. 
Three additional 10 PL aliquots of acrolein/acetonitrile 
were added at successive one hour intervals. When the 
reaction was complete, the product was placed under a 
stream of nitrogen to remove unreacted acrolein and 
acetonitrile, then frozen and lyophilized. ‘H NMR spec- 
tra agree with published results [37] (in D,O): 2.14 ppm 
(q, Glu-/3,2 H), 2.52 (dt, Glu-y, 2 H), 2.63 (t, -S-CH,-C@ 
,-CH = 0, C-2, 2 H), 2.83 [t (obscured by overlapping 
m at 2.881, -S-CI-I,-CH,-CH = 0, C-l, 2 H), 2.88 (m, 
Cys-p, 2 H), 3.79 (t, Glu-(Y, 1 H), 3.94 (s, Gly-cr, 1 H), 4.58 
(m, Cys-a, 1 H), 9.65 (t, -S-CI&CH,-CIJ = 0,l H). ES1 
MS results: m/z 364 [M + HI+. 
Reduction of IV to S-(3-hydroxypropyl)glutathione 
(Compound V) was accomplished by addition of 1 mg 
NaBH, to a solution of 6.0 mg of IV (0.017 mmol) in 1 
mL of 90% ethanol in water (v/v). The mixture was 
sonicated for 30 minutes in an ultrasound bath to 
ensure mixing. An additional 1 mg of NaBH, was 
added and sonicated for another 10 min. Unreacted 
NaBH, was quenched as described above. The pH of 
the mixture was raised to pH 9 with 1 M ammonium 
carbonate and 1 M sodium hydroxide to ensure reten- 
tion of V on the anion-exchange column for purification 
as described for II. ‘H NMR (in D,O): 1.79 (m, 
-S-CH,-CII,-CH,-OH, C-2, 2 H), 2.17 (q, Glu-P, 2 H), 
2.54 (d, Glu-y, 2 H), 2.63 (t, -S-CII,-CH,-CH,-OH, C-l, 
2 H), 2.86 (m, Cys-p, 2 H), 3.64, (t, -S-CH,-CH,-CII,- 
OH, C-3, 2 H), 3.90 (t, Glu-a, 1 H), 3.98 (s, Gly-a, 2 H), 
4.56 (m, Cys-cy, 1 H). ES1 MS: m/z 366 [M + HI+. 
To synthesize the oxime S-(3-N-hydroxyiminopro- 
pyl)glutathione (Compound VI), 6.0 mg of IV (0.017 
mmol) was derivatized with 16.2 mg (0.23 mmol) hy- 
droxylamine hydrochloride in 0.5 M ammonium acetate 
pH 7.0. ‘H NMR (in D,O): 2.13 ppm (q, Glu-/3,2H), 2.49 
(d, Glu-7, 2H), 2.64 (q, -S-CH,-CH,-CH = NOH 
(trans), C-2, 2 H), 2.76 (m, -SCII,-CH,-CH = NOH, 
C-l, 2H), 2.85 (q, -S-CH,-CH,-CH = NOH (cis), C-2,2 
H), 3.05 (m, Cys-P, 2 H), 3.74 [t (obscured by Gly-(Y), 
Glu-cr, 1 HI, 3.76 (s, Gly-a, 2 H), 4.59 (t, Cys-a, 1 H), 6.85 
(t, -S-CH,-CH,-CH = NOH (cis), C-3, 1 H), 7.50 (t, 
-S-CH,-CH,CH = NOH (trans) C-3, 1H). ES1 MS: 
m/z 379 [M + HI+. 
N-Acdylglututhione Conjugates. N-Acetylglutathione (Com- 
pound VII) was synthesized by dissolving 16 mg (0.026 
mmoles) oxidized glutathione (GSSG) in 200 PL of acetoni- 
trile:water (50/50 v/v) followed by addition of 200 FL (2.1 
mmoles) acetic anhydride. The mixture was held at 70 “C for 
18 hours. After cooling, volatile byproducts were removed 
under a stream of nitrogen. Reduction of the disulfide bond 
of acetylated GSSG was accomplished by dissolving the 
glassy product in 1 mL of water followed by addition of 7.8 
mg (0.05 mmoles) dithiothreitol. The reduction was allowed 
to proceed at 25 “C for four hours. Dithiothreitol was 
removed using a Sephadex QAE-A-50 anion exchange 
column pretreated with successive washes with 100% 
ethanol and water. The reaction products were loaded 
on the column, washed with 7 mL of water followed by 
elution of the product with 7 mL of acetonitrile contain- 
ing 0.1% trifluoroacetic acid. The eluted product was 
lyophilized. Confirmation of VII was performed by ES1 
MS: m/z 350 [M + HI+. To synthesize S-(3-oxopro- 
pyl)-N-acetylglutathione (Compound VIII) VII was 
dissolved in 1 mL of water and 0.5 mL of this solution 
was mixed with 4.6 mL (0.098 mmol) of acrolein. The 
reaction mixture was left at 25 “C for 4 h and lyophi- 
lized. ES1 mass spectra confirmed formation of VIII: 
m/z 406 [M + HI+. 
Instrumentation 
‘H NMR spectra were recorded on a General Electric 
a-300 (Fremont, CA) spectrometer (7 Tesla) operating 
at room temperature. ‘H chemical shifts are expressed 
as ppm downfield from tetramethylsilane. All mass 
spectra were acquired using a VG Quattro-BQ triple 
quadrupole mass spectrometer (VG Biotech, Altrin- 
cham, UK) connected to a microflow pump (model 
pLC-500, Isco Inc., Lincoln, NE). The solvent system (1:l 
acetonitrile:water v:v) was delivered to the ionization 
source at a flow rate of 5 pL/min. Loop injections of 10 
FL were made by using analytes dissolved in a 1:l 
acetonitrile:water solution (approximate final concen- 
tration, 30 pmol/pL). The source temperature was held 
at 65 “C, and the capillary voltage was set at +3.5 kV. 
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Table 1. Partial iist of product ions observed at collision cell potential of -50 V 
Product ion m/z (% relative abundance)” 
Loss of Loss of 
Q-W C,H,NO 
Precursor ion b, Y7 22 b Y2 Acetyl (ketene) (acetamide) g h Sk Rx 
N-AcCysteine NA” NA NA NA NA 43 (100) 122 (95) 105 (55) 76 (90) 59 (67) NA NA 
I NA NA NA NA NA 43 (17) 178 (33) 161 (64) 132 (27) 115 (22) 89 (100) 57 (7) 
II NA NA NA NA NA 43(19) 180 (43) 163 (100) 134(18) 117 (54) 91 (78) 59(12) 
Ill NA NA NA NA NA 43 (15) 194 (7) 176 (IO) 147 (10) 130 (48)” 105 (55) 72 (93) 
Glutathione 130 (30) 76 (loo)‘= 162 (27) 233 (7) 179 (30) NA NA NA 76 (100) 59 (6) NA NA 
IV 130 (60) 76(23) ND” 289(6) ND NA NA NA 132 (65) 115 (75) 89 (40) 57 (16) 
V 130 (60) 76 (15) 220 (55) 291 (6) 237 (10) NA NA NA 134 (30) 117 (95) 91 (18) 59 (7) 
VI 130 (61jd 76 (52) 233 (17) 304(12) ND NA NA NA 147 (13) 130 (61) 104 (100) 72 (40) 
VII 172 (35) 76 (32)‘= ND 275 (IO) 179 (21) 43 (2) 307 (IO) 291 (3) 76 (32) ND NA NA 
VIII 172 (27) 76 (7) ND 331 (11) ND ND ND ND 132 (40) 115 (5) 89 (12) ND 
“Abundance relative to base peak (excluding precursor) = 100. 
bProduct ion m/z 76 from GSH and VII parent may consist of mixtures of isobars: y, and g. 
CProduct ion m/z 130 from Ill may also include isobar due to loss of SR, to form protonated dehydroalanine. 
dProduct ion m/z 130 from VI may consist of an isobaric pair: b, and h. 
eAbbreviations: N-AcCysteine: N-acetyl-L-cysteine; NA, not applicable; ND, not detected (12% base peak abundance). 
The resolution of the first quadrupole was adjusted to 
give a peak width at half-height of about 0.75 Da. For 
tandem mass spectrometry experiments, argon was 
introduced into the collision cell at a measured pressure 
1.0 X 10e3 mbar. The resolution of the second quadru- 
pole was adjusted to give a peak width at half-height of 
1.5 Da. This setting allowed sufficient ion beam trans- 
mission to ensure signal-to-noise ratio adequate for 
spectrum interpretation. Ion kinetic energies through 
the first quadrupole were set to 2 eV. 
Individual scans were averaged using MasslynxTM 
multichannel acquisition (MCA) mode. Product ion 
spectra were obtained at 20 s/scan to ensure reliable 
quantitative measurements of weak signals where ion 
statistics limited precision of peak height measure- 
ments. The collision cell potentials (negative) used to 
generate energy resolved product ion spectra were 0,5, 
10,20, 35, and 50 V. 
Energy Resolved Dissociation Curves 
Energy resolved dissociation curves were produced by 
plotting normalized product ion intensities against col- 
lision cell potential. Normalized relative intensities of 
specific product ions were calculated by using the 
formula: 
i. 
I 
Pi 
Lj+k 
where ii is the intensity of a selected product ion and 
): ijtk.. is the summation of all product ion intensities 
with relative intensity of 2% or higher. 
Nomenclature 
Peptide fragmentation nomenclature used throughout 
this report is based on the Roepstorff and Fohlman 1411 
nomenclature for peptide cleavages as modified by 
Biemann [42]. The single letter nomenclature used for 
proposed internal fragments has been described by 
Haroldsen et al. [13] and Ballard et al. [17]. Nomencla- 
ture for product ions arising from cleavage at the sulfur 
are based on conventions proposed by Deterding et al. 
[15], where X, denotes the xenobiotic moiety. 
Results and Discussion 
To facilitate comparisons of fragments derived from the 
compounds used in this study, a partial list of product 
ions generated by using a collision cell potential of -50 
V is provided in Table 1. 
IV-Acetylcysteine Conjugates 
Preliminary high energy CID experiments (E,,, = 8000 
eV, not shown) on the acrolein conjugate of N-acetyl- 
cysteine revealed the predominance of retro-Michael 
loss of acrolein from protonated I. In the current study, 
energy resolved product ion spectra of N-acetylcysteine 
were obtained (not shown) to establish the relative ease 
of fragmentation of the bonds in N-acetylcysteine with- 
out influence of a modifying group. Spectra of product 
ions derived from protonated N-acetylcysteine were 
obtained under the same collisional activation condi- 
tions used throughout these experiments. The most 
prevalent fragmentation route for N-acetylcysteine was 
formation of protonated cysteine (m/z 122) via loss of 
ketene (C,H,O). Another product generated at all col- 
lision potentials was observed at m/z 76, which is 
attributed to successive losses of ketene and CO2 pro- 
ducing fragment g (see Figure 1 for description). The 
acetyl ion (m/z 43) was observed at higher collision 
potentials. 
Representative product spectra from CID of proto- 
nated I are displayed in Figure 2. The dominant frag- 
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Figure 2. CID product spectra of compound I at collision cell potentials ranging from 0 to -50 V. 
mentation pathway of I at lower collision energies potential. The most abundant product at the lowest 
involves bond cleavage between the sulfur and the potential again arises via cleavage of a sulfur-carbon 
acrolein moiety, yielding protonated N-acetylcysteine bond, but in the case of II this pathway involves loss of 
(m/z 164) via retro-Michael reaction (Figure 3). At R,SH and formation of protonated N-acetyldehydroala- 
higher collision energies, more products were gener- nine (m/z 130) instead of loss of R, which was not 
ated including acetyl (m/z 43) and m/z 178 (loss of observed. CID spectra obtained at the three lowest 
ketene) analogous to the behavior of unmodified N- potentials show two additional fragments in similar 
acetylcysteine. Fragmentation between the sulfur and yields: loss of acetamide (rrz /z 163) and loss of ketene 
the cysteine skeleton yields the protonated fragment (m/z 180). This indicates that under these conditions II 
SR, (m/z 89) which is the most abundant product at fragments via multiple pathways involve similar acti- 
collision cell potentials greater than 30 V. Other frag- vation barriers, but the activation energies of these 
ments formed under more energetic conditions are reactions are greater than for retro-Michael fragmenta- 
protonated cysteine (m/z 122) and m/z 161 (loss of tion of I. At higher collision potentials, fragmentation of 
acetamide). Energy resolved dissociation curves for II yields SR, (m/z 91). Appearance of these fragments 
protonated I (Figure 4a) illustrate the ease of formation indicate that sulfur is an important cleavage point for 1 
of the retro-Michael product which dominates the prod- and II, but conversion of the aldehyde to the alcohol 
uct ion spectrum at low collision potentials (E,,, < 20 resulted in a significant increase in the activation energy 
eV). leading to loss of R,. 
Reduction of the aldehyde to an alcohol, yielding II, The fragmentation behavior of oxime derivative III 
leads to marked changes in fragmentation dynamics is similar to I (Figure 4~). At low collision cell voltages, 
(Figure 4b). In contrast to I, dissociation of protonated the predominant fragmentation pathway yields the 
II yields no single dominant peak at any collision cell retro-Michael product, protonated N-acetylcysteine at 
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Compvnd I 
Figure 3. Proposed mechanism for retro-Michael fragmentation 
of compound I. 
m/z 164. Similarities in fragmentation between I and III 
point to a key role played by the sp* hybridization of the 
aldehyde or oxime groups in stabilizing the retro- 
Michael transition state. 
Glutathione Conjugates 
Energy resolved product ion spectra of glutathione 
were obtained to establish the effect of the modifying 
group on fragmentation of the peptide backbone (data 
not shown). These spectra were obtained under the 
same collisional activation conditions used for all glu- 
tathione adducts in this study, and several key frag- 
ments are listed in Table 1. At all but the highest 
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Figure 4. Energy resolved dissociation curves of selected ions of 
N-acetylcysteine analogs: (a) Compound I; (b) Compound II; (c) 
Compound III. 
collision cell potential, the predominant fragment ob- 
served is yZ, corresponding to loss of the -y-glutamyl 
group at m/z 179. This fragmentation route has been 
well documented in earlier studies [3, 4, 13, 15, 17, 201 
and several investigations have taken advantage of this 
fragmentation by developing scans for neutral losses of 
129 Da which improve specificity for detection of glu- 
tathione conjugates.[3-8, 13, 171 
At high collision cell voltages (50 V), the most 
abundant fragment results from cleavage at the cystei- 
nyl-glycyl amide linkage to yield yi, protonated glycine 
at m/z 76. Other prominent fragments are: b,, the 
glutamyl acylium ion (m/z 130); a,-H,O (m/z 84); z2, 
the Cys-Gly fragment minus the amino group of the 
cysteine (m/z 162); and b,, the r-Glu-Cys fragment 
(m/z 233). At high collision cell potentials, the entire 
complement of b and y ions is observed suggesting 
sufficient proton mobility to facilitate fragmentation 
along the peptide backbone. 
Under all collision conditions, the protonated gluta- 
thione adduct (IV) did not yield a detectable y2 frag- 
ment, but instead gave a dominant y2-H,O fragment 
(m/z 217, Figure 5) at lower collision energies. The 
transient formation of y2 cannot be ruled out, but was 
not observed at any cell potential or at lower collision 
gas pressures. 
Because the y2 fragment is not observed, a scan for 
neutral loss of 129 Da may not be effective in screening 
for acrolein thioether conjugates of glutathione in com- 
plex matrices. Other intramolecular Schiff base product 
ions formed from product ion g have been reported by 
Haroldsen et al., [13] and were observed in these 
experiments as well. 
At higher collision cell voltages the b, fragment of IV 
is abundant, suggesting protonation occurs near the 
y-glutamyl-cysteinyl amide linkage, but proton transfer 
does not lead to formation of y2 fragments. Such 
reactions have been reported in fragmentation of gluta- 
thione and other glutathione thioether conjugates. [3,4, 
13, 17, 201 With the exception of the y2 product, a full 
complement of b and y fragments is observed at a 
collision potential of 50 V. 
As discussed earlier, I retro-Michael elimination of 
acrolein predominates at low collision cell voltages. 
This fragmentation process is not observed in IV, and 
only one fragment, SR, at m /z 89, can be attributed to 
cysteinyl-C-S bond cleavage. The SR, fragment only 
appears at higher collision cell voltages. 
Energy resolved dissociation curves for IV are 
shown in Figure 6a. These plots highlight the predom- 
inant formation of y2-H,O. At low collision energies, all 
other fragmentation routes combined contribute less 
than ten percent of total product ions. At collision 
potentials of 20 V and higher, other fragmentation 
routes become energetically accessible, but the route 
that leads to formation of y,-H,O remains the most 
favorable. 
As anticipated based on the behavior of II, reduction 
of IV to S-(3-hydroxypropyl)glutathione (V) results in 
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Figure 5. Proposed structure of yz-H,O fragment observed for 
compounds IV, VI, and VIII. 
product spectra with more fragments (data not shown). 
At a collision cell potential of zero volts, y2 (m/z 237) 
and z2 (m/z 220) fragments appear with low fractional 
abundances. At all lower collision cell potentials tested, 
the z2 fragment dominates the spectra, but at higher 
collision potentials the internal fragment h (m/z 118) 
and b, become most prevalent. The internal fragment g 
(m/z 134) is also present at higher collision cell volt- 
ages. An intramolecular Schiff base is not anticipated 
from decomposition of protonated V as it does in the 
yz-H,O fragment from IV, because the aldehydic func- 
tionality of the acrolein conjugate is not present. As a 
result, no fragments indicating Schiff base formation are 
present. 
Product spectra from protonated V show that frag- 
ments resulting from cleavage at the propanol-C-S bond 
are minor although cleavage of the Cys-C-S bond gives 
a more abundant fragment SR, at m/z 91. This frag- 
mentation pathway was observed, however, for all 
thioether conjugates in this study at a collision potential 
of 50 v. 
Energy resolved product ion spectra of V show the 
entire complement of b and y ions and substantiate our 
earlier finding that reduction of the acrolein moiety 
produces more fragments at any given collision poten- 
tial tested. Energy resolved dissociation curves of V 
(Figure 6b) are different from those observed for IV 
because there are two fragmentation routes at the low 
LO h6a 
- 84 
- a9 
- 115 
- 132 
- 162 
- 217 
s 0.4j - 289 
0 10 20 30 40 50 
- 84 
- 91 
- I17 
- 130 
- 134 
- 220 
---c 291 
- 237 
0 IO 20 30 40 50 
0 10 20 30 40 
Collision Cell Potential (V) 
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Figure 6. Energy resolved dissociation curves for selected prod- 
uct ions derived from CID of protonated glutathione analog 
precursors: (a) Compound IV; (b) Compound V; (c) Compound 
VI. 
collision potentials tested that produce minor amounts 
of y2 and z2 fragments. Despite their low activation 
energy barriers, these two fragmentation routes are not 
the most favored routes at higher collision potentials. In 
fact, the y2 peak is diminished at collision cell potentials 
greater than 20 V, perhaps due in part to subsequent 
fragmentation of the y2 ion. 
When IV is derivatized with hydroxylamine hydro- 
chloride to give the acrolein-oxime product VI (data not 
shown), the fragment representing cleavage at the Cys- 
C-S bond (SR,, m/z 104) dominates at higher collision 
cell potentials. This same fragment is prominent in the 
product ion spectrum of III taken at a collision voltage 
of 35 V. A minor fragment, RX at m/z 72 also is present 
at higher collision cell voltages, which is due to cleav- 
age of acrolein-oxime-C-S bond. This fragment is 
analogous to the RX peak at m/z 56 seen in the product 
spectra of IV. 
One notable feature in the fragmentation of proto- 
nated VI is the appearance of an abundant product at 
m/z 217. The low appearance energy of this peak 
(Figure 6c) is analogous to that seen for m/z 217 for IV, 
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which would involve displacement of hydroxylamine 
in a manner analogous to displacement of water from 
IV. Formation of this product suggests both oximes and 
aldehydes are reactive toward neighboring amide nitro- 
gens, and their presence may facilitate cleavage of these 
amide bonds. The energy resolved dissociation curves 
(Figure 6c) for VI are similar in appearance to those 
obtained for IV. Both have accessible fragmentation 
pathways with low activation energy barriers. These 
results combined with the fragmentation behavior of III 
suggest that derivatization of Michael thioether adducts 
of aldehydes or ketones to form oximes is unlikely to 
yield more useful fragmentation than can be obtained 
for the underivatized adduct. 
Fragments at m/z 84,130,162, and 179 are observed 
in the product spectra of both IV and VI. Product 
spectra of V also include fragments at m/z 84 and 130. 
All of these fragments arise from the glutathione por- 
tion of the molecule and therefore do not provide 
information regarding the nature of the modifying 
group. 
N-Acetylglutathione Conjugates 
Energy resolved product ion spectra of N-acetylgluta- 
thione (not shown) exhibit marked differences from 
glutathione. At the lowest collision cell potentials 
tested, several fragmentation pathways have compara- 
ble activation energies resulting in multiple product 
ions. These spectra suggest that the precursor ion is 
heterogeneous with respect to site of protonation, be- 
cause several peaks are present including the entire 
complement of b and y ions. 
Energy resolved dissociation curves for compound 
VII are shown in Figure 7a. A notable feature is the 
abundance of fragments at lower collision potentials. 
Acylation at the N-terminus eliminates the basic amino 
group, thus protonation becomes more delocalized than 
for glutathione. 
As expected, the fragmentation behavior of N-acetyl- 
S-(3-oxopropyl)-glutathione (VIII) shares many charac- 
teristics observed for VII as well as IV. As was the case 
in product spectra of IV, the N-acetylated analog VIII 
does not yield y2, but yl-H,O (m/z 217), again with a 
low activation energy. Based on the ease of formation of 
yz-H,O, it is proposed that acrolein may serve as a 
volatile derivatizing agent for cysteine residues capable 
of inducing low activation energy fragmentation on the 
N-terminal side of cysteine groups in CID experiments. 
Retro-Michael fragmentation of VII would yield a 
fragment with m/z 350. A small peak at this mass was 
observed, but only at the highest collision potential 
tested. These results indicate that even in the absence of 
a basic amino group, protonation at the thioether sulfur 
was not significant when multiple amide bonds were 
present. 
Energy resolved dissociation curves for VIII are 
shown in Figure 7b. At a collision potential of 0 V, VIII 
cleaves at the cysteinyl-glycyl amide bond to give 
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Figure 7. Energy resolved dissociation curves of selected prod- 
uct ions derived from CID of protonated N-acetylglutathione 
analogs: (a) Compound VII; (b) Compound VIII. 
exclusively b, (m/z 331). At a collision potential of 5 V, 
a second fragment representing yZ-H,O (m/z 217) 
accounts for about 30% of products. At higher poten- 
tials the g fragment (m/z 132) is most abundant, while 
the rest of the fragments share similar relative intensi- 
ties. 
In low energy CID experiments, most fragmenta- 
tions are charge directed [26, 28, 31, 32, 341. Charge- 
remote fragmentation usually involves high activation 
energies 131, 32, 35, 43-451. It is expected to play a 
minor role in our experiments, because center-of-mass 
collision energies exceeding 10 eV are often required for 
charge-remote fragmentations to become dominant [43, 
451. Such reactions cannot be ruled out because center- 
of-mass collision energies in the experiments described 
herein range between 4-8 eV, and these experiments 
were conducted under multiple collision conditions. 
If the fragmentation processes with the lowest acti- 
vation energies are charge directed, the dominant retro- 
Michael fragmentation for I and III suggests protona- 
tion occurs at the sulfur for these N-acetylcysteine 
derivatives. Furthermore, II fragments primarily at the 
sulfur at low collision potentials, only the fragmenta- 
tion is loss of SR, (m/z 130). While it is widely believed 
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that the peptide backbone is an important site of 
protonation ]29, 30, 32, 34, 35, 461, the differences in 
behavior of the compounds investigated herein can be 
attributed to several factors. In aqueous solution, pro- 
tonated peptide N-terminal amino groups are stabilized 
by solvation 129, 461. In the gas phase, charge delocal- 
ization can be accomplished by internal solvation of the 
charge by amide groups [29,34,47]. The proton affinity 
of formamide is 198.8 kcal/mol [47], which approxi- 
mates the intrinsic proton affinity of a single amide 
group. Additional amide groups, such as those present 
in the glutathione conjugates, enhance the proton affin- 
ity, as illustrated by the proton affinities of dipeptides 
Gly-Gly and Ala-Ala, which are 208 and 210 kcal/mol, 
respectively 1481. Proton affinities increase with each 
additional amide bond with a maximum effect reached 
at three amide linkages [48]. In addition, coordination 
of a proton with up to three proton acceptors is possible 
(albeit with diminishing bond strength per coordinate) 
[46,47]. Since the N-acetylcysteine derivatives I, II, and 
III have only one amide group, the proton is less likely 
to be localized at an amide group, and the thioether 
group is more able to serve as a site of protonation. 
Proton affinities of formamide 1471, propionaldehyde 
[49], and diethylsulfide [49] are 198.8, 193.6, and 205.6 
kcal/mol, respectively. Proton affinity of the sulfur in 
acrolein conjugates may be enhanced by coordination of 
the proton with the acrolein aldehyde and the thioether 
sulfur, with a bridging proton forming a six-membered 
ring. Differences in fragmentation behavior between 
N-acetylcysteine derivatives and glutathione deriva- 
tives can be explained by the ranking of basicities 
(single amide < thioether < multiple amides) and 
charge-directed fragmentation. 
Conclusions 
Retro-Michael fragmentation is the lowest activation 
energy fragmentation pathway for protonated acrolein 
conjugates of N-acetylcysteine, and the retro-Michael 
product dominates low energy CID spectra of these 
compounds even under multiple collision conditions, 
The low barriers to these reactions are attributed to 
protonation at thioether sulfur and stabilization of the 
retro-Michael transition state owing to the electronic 
configuration of these molecules. Similar behavior can 
be expected for other Michael addition conjugates of 
N-acetylcysteine. 
In contrast, retro-Michael fragmentation was not a 
competitive reaction for glutathione and N-acetylgluta- 
thione conjugates of acrolein. For these compounds, the 
proton is more effectively sequestered by the amide 
groups. Spectra of glutathione and N-acetylglutathione 
conjugates show a complement of b and y type ions to 
illustrate this point. Retro-Michael fragmentation of the 
N-acetylglutathione adduct VIII was minimal, suggest- 
ing that the peptide backbone efficiently sequesters the 
proton and diminish protonation of thioether sulfur, 
even in the absence of a basic N-terminal amino group. 
Reduction of the aldehydic carbonyl of thioether 
conjugates formed from o&unsaturated aldehydes or 
ketones is an effective method of chemical modification 
that prevents retro-Michael fragmentation in N-acetyl- 
cysteine Michael adducts. Conversion of the aldehyde 
group to an oxime had only minor effects upon frag- 
mentation. 
Acrolein adducts of glutathione (IV) and N-acetyl- 
glutathione (VIII) did not give significant y2 fragments 
under any conditions, but both yielded abundant y2- 
HZ0 fragments via a low activation energy pathway. 
Strategies that rely on specific neutral losses based upon 
elimination of the glutamyl group should be conducted 
with this in mind. Such specific cleavages on the N- 
terminal side of acrolein adducts of cysteine residues 
might be exploited to localize cysteine sulfhydryls in 
peptides. 
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